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ABSTRACT 


The  development  of  a  relatively  large  scale  inert  gas  reactor 
for  use  in  the  preparation  of  polystyrene  via  an  anionic  polymerization 
is  described.  The  polymers  were  prepared  with  predictable  molecular  weights 
and  very  narrow  molecular  weight  distributions. 

Methods  used  to  characterize  and  purify  the  samples  are  discussed. 
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SUMMARY  OF  DATA  ON  POLYSTYRENE  SAMPLES 


Sample 

M  1 
vc 

M  2 
vb 

M  3 

P 

f4 

M  /M  5 
w  n 

Puri¬ 

fication6 7 

N 

O 

co 

L-II 

196,000 

190,000 

180,000 

1.09 

1.015 

E,  F 

6.06 

L-V 

119,000 

113,000 

90,000 

1.32 

1.055 

E,F 

L-X 

627,000 

600,000 

1.05 

1.09 

E 

11.47 

L-XIV 

337,000 

300,000 

1.13 

1.06 

E 

9.04 

L-XV 

49,000 

45,000 

1.09 

1.05 

E 

2.96 

vc 


A-  1  /  2 

=  Mw,  cyclohexane.  From  [q]g  ■  8.45  X  10  M 


vb 


4  ,  benzene.8  From  tillage 


=  9.71  X  10‘5  M0,74 
v 

g  monomer 


3  The  predicted  molecular  weight  from  M  =  “^les " IhltUt^ 

4  molecular  weight  found 
molecular  weight  predicted 

d  „  „  ,  .  ,  .  , . .  weight  average  molecular  weight 

3  Molecular  weight  distribution  =  - “ - “ - ; - , - j'rr 

°  number  average  molecular  weight 

weight  average  molecular  weight  =  Hw  =  Ew^n^ 


w 


=  ith  weight  fraction  and  n,  is  molecular  weight  of  i  weight  fraction 
1  1 

*n  =  Lw~7n '  ~  num^er  average  molecular  weight.  These  ratios  are  based 
on  data^on^the  whole  polymers  and  are  maximum  values. 


6  Purification  was  by  extraction  of  low  molecular  weight  species  with 

n-octyl  alcohol  (E)  or  by  large  scale  fractionation  (F) .  Two  samples  of 
L-II  and  L-V  were  sent  to  the  Air  Force,  one  treated  by  E  and  one  by  F. 
Thus  seven  samples  were  sent.  Consult  the  text  for  an  explanation  of 
this . 


7  The  ultracentrifuge  sedimentation  constant  in  cyclohexane  at  35°. 

8  We  thank  Dr.  V.  Allen  for  this  equation.  It  brings  the  results  from 
measurements  in  cyclohexane  and  benzene  much  closer  together  than  use  of 
the  Flory-Krigbaum  equation  (J.  Polymer  Sci.  11,  37  (1953)), 

[t]]  =  1.04  X  10”^  M®*^.  Our  data  was  measured  at  25°  rather  than  30° 
but  d[r|]/dt  is  small  in  benzene  and  no  corrections  have  been  made. 
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I.  SYNTHETIC  METHODS 


Styrene  exhibits  unusual  reactivity  in  that  is  polymerizes  well 
by  free  radical,  cationic,  and  anionic  mechanisms.  The  first  two  methods, 
while  of  great  commercial  importance,  are  not  well  adapted  to  the  prepara¬ 
tion  of  ultrapure  research  samples  due  to  largely  uncontrollable  side 
reactions  such  as  isomerization,  disproportionation,  coupling,  and 
termination  which  result  in  products  which  are  not  completely  linear  and 
which  have  very  broad  molecular  weight  distributions.  On  the  other  hand, 
under  proper  conditions,  anionic  polymerization  will  yield  polymers  which 
are  linear,  of  very  narrow  molecular  weight  distribution,  and  which  are 
relatively  very  pure.1 

In  general,  two  classes  of  anionic  initiators  have  been  most 
studied:  (1)  anion  radicals  such  as  sodium  naphthalene  or  sodium  biphenyl 
and  (2)  organometallics  such  as  butyllithium.  Since  the  latter  was  used 
exclusively  in  the  work  conducted  here,  it  only  need  be  discussed. 


Initiation  with  butyllithium  amounts  to  a  Michael  addition  across 
the  vinyl  group  followed  by  propagation: 

Li 


BuLi  +  C,H -CH=CH„ 
6  5  .2 


C,H, 
6  6 


■>  Bu-CH0-C-H  (I) 

i 


(1) 


C6H5 


H 


H 


(I)  +  n  C6H5-CH=CH2 


->  Bu - CH„-C - CH0— C-Li 


(2) 


C6H5  C6H5 

n 


In  the  propagation  reaction  (2)  no  termination  steps  are  included 
There  is  evidence,  however,  that  with  sodium  as  the  cation,  especially  in 
solvents  such  as  tetrahydrofuran,  disproportionation  occurs  in  time  to  give 
olefin  and  sodium  hydride2  followed  by  other  terminations  involving  proton 
abstraction  from  the  new  olefinic  material. 


C,Hq 

1 6  5 

-CH0— C— Na 

£  i 


THE 


-> 
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NaH  +  . — CH=C 


H 


C6H5 


(3) 
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Na 


+  , — c - Na  - >  - - C - CH=CH-C  H  +  CH„  (4) 

I  I  6  5  |  2  v  / 

C6H5  C6H5  C6H5 

The  polymerizations,  however,  are  much  faster  than  reactions  (3)  and  (4) 
and  thus  the  method  is  still  of  use.  Interestingly  the  lithium  system  in 
hydrocarbon  solvents  exhibits  a  very  great  stability  with  little  noticeable 
change  over  prolonged  periods.  In  the  presence  of  TKF,  however,  the  changes 
as  described  above  do  seem  to  occur.  It  might  be  expected  that  metallation 
of  the  aromatic  ring  might  occur  in  the  benzene- lithium  system,3  but  no 
evidence  for  this  has  been  reported. 

A  detailed  kinetic  study  of  the  butyllithium-styrene-benzene 
system  has  been  reported  by  Worsfold  and  Bywater1^  who  found  that  the 
initiation  reaction  was  1/6  order  in  butyllithium  as  long  as  its  concentra¬ 
tion  did  not  fall  below  10"5m.  This  is  due  to  the  strong  association  of 
butyllithium  in  hydrocarbon  solvents.4  It  was  also  found  that  the 
propagation  reaction  was  1/2  order  in  styryllithium  and  that  this  reaction 
proceeds  some  600  times  faster  than  initiation.  Although  this  creates 
problems  in  the  control  of  molecular  weight  and  distribution  at  low  molecular 
weights,  it  does  not  at  higher  molecular  weights  and  is  of  no  serious 
consequence  in  the  preparations  undertaken  in  this  work  (M  «  50,000  ~  650,000). 
It  should  be  noted  that  the  results  reported  in  a  recent  paper5  show  that 
the  kinetic  problems  discussed. above  can  be  almost  entirely  alleviated  by 
conducting  the  polymerizations  in  the  presence  of  THF.  If  the  polymerization 
is  conducted  in  0.15  M  THF  (in  benzene)  the  initiation  reaction  becomes 
virtually  instantaneous  (too  fast  to  measure  by  normal  optical  methods 
usually  used  in  studies  of  this  system).  Interestingly,  the  propagation 
reaction  while  becoming  first  order  in  styryllithium  in  this  system 
(compared  to  1/2  order  in  pure  benzene)  is  increased  only  a  few-fold  in 
overall  rate.  All  of  these  results  are  rationalized  on  the  basis  of 
solvation  (complexing)  of  the  active  species  with  THF.  Practically,  these 
results  are  of  considerable  value  synthetically  in  that  it  now  becomes 
possible  to  prepare  virtually  monodisperse  polystyrenes  of  very  low 
molecular  weight.6 

It  is  necessary  in  work  of  this  type  that  impurities  be  kept  out 
of  the  reaction  system.  The  impurities  of  concern  are  those  which  react 
with  carbanions,  e.g.,  oxygen,  carbon  dioxide,  and  active  hydrogen  compounds. 


RLi 

+ 

n 

nP 

1 

- > 

RC02Li 

(5) 

RLi  + 

l/202  - 

- > 

ROLi 

(6) 

RLi 

+  HX  — 

- > 

RH  +  LiX 

(7) 

C6H5  C6H5 
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The  reactions  are  considered  to  be  very  fast  whether  R  in  (5),  (6),  and 
(7)  is  butyl  or  styryl  and  in  each  case  constitute  a  termination.  The 
lithium  carboxylate  formed  in  (5)  and  the  alkoxide  formed  in  (6),  while 
basic  species,  are  assumed  not  to  be  sufficiently  nucleophilic  to  become 
initiators  in  their  own  right  (this  assumption  is  applied  to  (7)  also  if 
X  is  hydroxyl)  and  thus  are  considered  to  be  inert  contaminants.  Whether 
this  is  absolutely  correct  or  whether  they  affect  the  course  of  the  reaction 
somewhat  by  association  phenomenon  such  as  the  well-known  primary  and 
secondary  salt  effects  has  not  been  determined.  The  success  obtained  in 
these  polymerizations  during  which  small  amounts  of  some  or  all  of  these 
contaminants  were  present  would  indicate  that  they  indeed  have  little 
influence  over  the  reaction  under  the  studied  conditions.13  It  follows 
that  if  impurities  are  a  factor  only  in  the  initiator,  then  the  overall 
effect  is  to  decrease  the  concentration  of  active  initiator  and  thus 
increase  the  molecular  weight.  The  molecular  weight  distribution  should 
not  be  affected.  On  the  other  hand,  if  impurities  are  introduced  during 
the  course  of  the  polymerization,  it  is  obvious  that  the  molecular  weight 
distribution  will  be  considerably  broadened.7 

Thus  in  very  pure  systems,  it  has  been  shown  that  polystyrene 
with  predictable  molecular  weights  and  very  narrow  molecular  weight 
distributions  can  be  obtained  by  anionic  polymerization.  In  these  systems 
the  relation  between  molecular  weight  of  polymer,  grams  of  monomer,  and 
quantity  of  initiator  is  given  by  (8).  In  view  of  the  preceding  discussion 


M  = 


g  of  monomer 
moles  of  initiator 


it  is  seen  that  the  end  groups  obtained  by  use  of  butyllithium  initiation 
and  active  hydrogen  termination  are  butyl  and  hydrogen,  respectively. 


BuLi  +  n  Sty  - >  Bu— (Sty)n_1  StyLi  (9) 

uv 

Bu-(Sty)n_1  StyLi  — >  Bu-(Sty)n_1  Sty-H  +  LiX  (10) 


Several  factors  mentioned  above  are  worthy  of  further  discussion 
in  that  they  affect  the  predictability  and  purity  of  the  polymers  ultimately 
obtained.  Of  all  the  reagents  used  in  these  systems,  styrene  is  the  hardest 
to  purify.  Use  of  the  Wenger-Yen  purging  technique  to  remove  the  final 
traces  of  impurities  from  a  system  previous  to  the  actual  polymerization 
greatly  facilitates  the  experiments.  In  essence,  this  technique  involves 
titration  of  the  styrene-benzene  mixture  with  the  highly  colored  initiator 
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solution  formed  from  butyllithium  and  styrene  (~1:6  mole  ratio)  until  the 
color  persists.  This  is  conducted  in  the  cold  and  the  impurities  such  as 
discussed  previously  presumably  react  much  faster  than  the  polystyrene. 

After  this  the  required  amount  of  initiator  is  added  (equation  (8))  and 
the  polymerization  is  allowed  to  go  to  completion.  The  accuracy  of  pre¬ 
dicting  molecular  weights  using  this  method  obviously  is  somewhat  affected, 
but  the  convenience  of  the  method  is  very  attractive  and  molecular  weights 
may  generally  be  predicted  to  within  10-1.5%  in  our  large  inert  gas  reactor. 
The  actual  predictability  ratios,  i.e.,  M  predicted/M  obtained  are  given 
in  the  Summary  Table. 

The  way  in  which  this  procedure  affects  the  purity  of  these 
samples  is  discussed  fully  in  the  next  section  of  this  report  (page  7). 

One  phase  of  the  present  contract  was  to  undertake  the  preparation 
of  50  g  quantities  of  polystyrene  with  certain  molecular  weights  and  with 
each  polymer  to  have  a  very  narrow  molecular  weight  distribution.  The 
polymers  were  to  be  ultrapure  and  inasmuch  as  possible  to  contain  only 
carbon  and  hydrogen,  i.e.,  inert  end  groups.  In  order  to  achieve  these 
ends  the  basic  methods  of  Wenger  and  Yen,13  established  for  vacuum  line 
use  were  employed  except  that  an  inert  gas  reactor  was  developed  which 
allowed  for  much  larger  scale  runs  than  conveniently  obtainable  by  high 
vacuum  techniques.  It  was  then  possible  to  routinely  produce  200  g  batches 
of  virtually  monodisperse  polymer  at  a  time  with  this  apparatus  and  it  is 
felt  that  a  much  larger  scale  reaction  can  be  achieved  easily  by  use  of  the 
methods  developed.  A  detailed  description  of  the  apparatus  and  its  opera¬ 
tion  is  given  in  the  experimental  section. 

The  success  of  this  method  can  be  seen  from  an  inspection  of  the 
molecular  weight  distribution  data  listed  in  Tables  II-VI  in  the  Appendix. 
The  values  listed,  1.015-1.09  are  maximum  ones  since  the  polymers  were  even 
further  fractionated  as  described  in  the  characterization  section. 


II.  CHARACTERIZATION  AND  PURIFICATION  OF  POLYMERS 


After  synthesis  and  isolation,  portions  of  the  freeze-dried 
polymers  were  dissolved  in  butanone-2  (MEK;  0.2%  solutions,  i.e.,  . 

2  g  polymer /I  liter  solvent),  and  then  fractionally  precipitated  by  incre¬ 
mental  additions  of  non-solvent,  methanol.8  Weight  average  (M„)  and  number 
average  (T^)  molecular  weights  were  calculated  by  equations  (11)  and  (12), 
respectively. 
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M 

w 


(ID 


I\Mi 


M 

n 


1 


I 


w.  /M. 
1  l 


t  ri 

where  w^  =  fraction,  by  weight,  of  i  fraction 

til 

ML  =  molecular  weight  of  i  fraction 


(12) 


Integral  weight  distribution  curves  were  obtained  by  plotting 
I  =  Zw.  +  w^/2  vs.  These  parameters  are  defined  from  the  values 

obtained  from  a  typical  table  of  fractionation  data  (e.g..  Tables  II-VI) 
so  that  w^  is  the  weight  fraction  whose  viscosity  average  molecular  weight 
is  The  Zwj  values  are  obtained  by  summing  the  weight  fractions  of  all 

fractions  through  i-1.  A  plot  of  this  type,  while  not  much  different  from 
a  typical  weight  fraction-molecular  weight  distribution  plot  in  these 
systems  of  extraordinarily  narrow  molecular  weight  distribution,  does 
recognize  that  the  fractions  obtained  in  a  normal  solution  fractionation 
procedure  do  not  in  themselves  possess  infinitely  narrow  molecular  weight 
distributions.  It  also  seems  to  define  the  lower  and  higher  molecular 
weight  portions  of  a  polymer  more  clearly  upon  differentiation  of  the 
integral  molecular  weight  distribution  curve. 

The  differential  distribution  curves  were  obtained  by  graphical 
differentiation  of  the  I-M^  plots.9 

Viscosity  average  molecular  weights  were  obtained  in  benzene  at 
25°  using  equation  (13)  or  in  cyclohexane  at  the  ©-temperature,  35°,  using 
equation  (14)  „ 

[tj]  =  9.71  X  10"5  M0,74  (13) 

[t)]0  =  8.45  X  10-4  M0,5  (14) 


In  the  case  of  benzene  as  solvent,  [q]  was  determined  by  a  one 
point  method  using  equation  (15),  or  the  relationship  derived  in  (16c). 


Cq] 


ln  \el  .  1  ln  1rel\ 

c  +  4  V  c  c —) 


(15) 
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with  C  in  g  polymer/100  ml  solvent 


“1^  “  [t]]  +  k'  [q]2C 


In  n  -  „ 

- ^  =  [tj]  “  k"[r)]2C 


where  k"  =  k'  —  1/2.' 


(16b) 


Elimination  of  [t|]  between  equations  (16a)  and  (16b)  gives  the  useful 
relationship,  (16c): 


n 

'sp  _ 


(16c) 


These  one  point  determinations  of  intrinsic  viscosity  are  useful 
approximations  for  experimental  data  where  1.6  >  Tire^  >  1.2. 

Intrinsic  viscosities  in  cyclohexane  were  also  obtained  by  a 
one  point  method  using  equation  (17). 


This  arises  since  extrapolation  of  plots  based  on  equation  (18)  show  that 
k"  is  nearly  zero. 


"  hi0  -  k"[t|]gC 


Infrared  spectra  of  the  various  polymers  (taken  as  films)  were 
identical  with  those  of  standard  calibration  samples.  The  NMR  spectra  were 
all  identical  and  not  well  resolved.  Although  at  least  partial  resolution 
can  be  obtained  by  measuring  the  spectra  of  heated  samples  of  polystyrene11 
no  attempts  to  do  so  were  made  in  this  work. 

As  previously  mentioned,  termination  with  active  hydrogen 
compounds  (water,  alcohol,  acid)  should  give  a  hydrogen  end  group 
(equation  (14)).  It  was  felt  that  an  easy  verification  of  this  would  be 
accomplished  by  termination  with  tritium.  Since  there  would  be  one  tritium 
per  polymer  chain,  this  should  also  be  a  fast,  expedient  way  to  measure 
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number  average  molecular  weights.  Experimentally,  however,  it  was  found 
that  an  isotope  effect,  k^/k^  «  2.5  was  operative.  This  indicates  that 
breaking  of  the  O-H(O-T)  bond  occurs  during  the  rate  determining  step. 

While  interesting,  any  mechanistic  interpretation  of  this  would  be  specula¬ 
tive  and  no  further  work  was  done  on  this  phase  of  the  problem. 

During  the  preceding  section,  the  use  of  a  convenient  purging 
technique  for  final  purification  of  the  system  was  discussed.12  Assuming 
that  the  major  reactions  occurring  here  are  described  by  equations  (5), 

(6),  and  (7),  it  is  necessary  at  this  point  to  discuss  more  fully  how  and 
why  this  step  might  introduce  impurities  into  the  system.  In  the  case 
where  R  in  these  reactions  is  butyl,  it  is  seen  that  lithium  valerate, 
lithium  amy late,  and  butane  would  be  the  major  products.  The  removal  of 
these  should  occur  during  the  normal  isolation  procedures  employed  in 
obtaining  the  polymer.  Thus,  butane  presents  no  problem,  lithium  amy late 
should  be  soluble  in  methyl  alcohol  (used  as  precipitant),  and,  to  a  large 
extent,  it  would  be  expected  that  lithium  valerate  would  be  also.  On  the 
other  hand,  the  initiator,  while  it  stoichiometrically  (equation  (8)  should 
be  a  1,3,5,7,9,11-hexaphenylhexadecane  derivative  (from  a  BuLitstyrene 
ratio  of  1:6),  because  of  the  kinetic  problems  discussed  previously  is 
found  to  be  a  polymer  of  significant  molecular  weight.  This  is  shown 
below  by  the  fractionation  data  for  a  typical  initiator  prepared  in  benzene 
and  then  terminated  with  methyl  alcohol. 

M^(bulk)  =  6600  (Fractionated  from  acetone-water) 


Fraction 

Weight  % 

M 

v 

1 

26.7 

8800 

2 

22.9 

7400 

3 

13.2 

5600 

4 

13.8 

3900 

5 

22.4 

very  low 

In  these  cases  R  shown  in  (5),  (6),  and  (7)  is  polymeric  and  the 
products  (carboxylate  and  alcoholate)  are  polymers,  with  undesirable  end 
groups  which  are  of  sufficient  molecular  weight  to  be  unremovable  in  a 
simple  way  from  the  bulk  polymer.  Extending  this  reasoning,  it  can  be 
argued  that  since  no  acidification  steps  are  involved  in  the  isolation 
procedure,  the  carbon  dioxide  terminated  polymer  should  be  present  as  a 
lithium  salt.  The  alcoholate  would  also  retain  much  lithium,  i.e.,  remain 
as  a  lithium  alcoholate. 13  Finally,  it  is  conceivable  that  small  amounts 
of  the  other  lithium-containing  species  are  adsorbed  by  the  precipitated 
polymer.  These  would  include  the  C5  systems  described  above  as  well  as 
lithium  methoxide  from  the  normal  termination.  In  a  typical  case  where 
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200  g  of  polymer  is  prepared  with  a  molecular  weight  of  100,000  and  where 
15%  of  the  initiator  is  used  for  purging  (i.e.,  1.15  times  as  much  as  would 
be  calculated  from  equation  (8))  the  total  lithium  content  if  it  all  were 
to  remain  in  the  polymer  sample  would  be  on  the  order  of  80  PPM.  Fortunately, 
emission  spectroscopy  was  available  to  us  so  that  lithium  contents  could 
be  estimated.14  As  can  be  seen  in  Table  I,  the  samples  contained  detectable 
quantities  of  lithium. 

To  remove  these  impurities  and  effect  a  final  purification  of 
these  polymers,  attempts  were  made  to  run  large  scale  fractionations  on 
them  in  a  specially  designed  20  gallon  fractionating  flask.  Once  again 
MEK  was  used  as  solvent  (0.57»  polymer  solutions)  and  methanol  was  used  as 
non-solvent.  While  apparently  successful,  the  polymers  were  found,  after 
freeze-drying,  to  possess  a  persistent  garlic-like  odor  which  could  be 
removed  by  prolonged  treatment  in  the  vacuum  oven.  One  hundred  grams  of 
freeze-dried  polymer  was  flushed  for  1  hour  with  a  vigorous  stream  of  helium 
and  the  helium  exited  through  dry  ice-acetone  and  liquid  nitrogen  traps, 
respectively.  Nothing  detectable  in  the  infrared  (40  cc  gas  cell)  or  via 
gas  chromatography  was  trapped.  It  was  suspected  that  the  impurity  might 
be  one  of  the  peroxides  arising  from  MEK.  Attempts  to  determine  whether 
this  was  the  case  or  not  by  attempts  to  liberate  iodine  from  iodide  were 
inconclusive  and  indicated  that  if  peroxides  were  present  they  were  there 
in  rather  minute  amounts.  It  must  be  concluded,  therefore,  that  the  origin 
and  nature  of  this  odor  is  not  now  understood.  It  is  interesting  to  note 
that  while  it  frequently  arose  in  polymers  obtained  from  MEK  fractionations, 
it  has  since  been  detected,  upon  occasion,  in  polymers  which  were  never  in 
the  presence  of  MEK.15  This  serves  to  increase  our  "confusion"  in  this 
area.  At  any  rate,  samples  L-II  and  L-V  which  were  shipped  to  the  Air  Force 
several  months  ago  were  freed  from  this  by  repeated  reprecipitation 
followed  by  treatment  of  the  freeze-dried  polymer  at  55°  in  the  vacuum  oven. 
None  of  our  tests,  Mv,  distribution,  i.r.,  NMR,  were  able  to  detect  any 
difference  between  this  material  and  the  parent  unfractionated  polymer. 

It  is  worthwhile  to  point  out  that  these  two  samples  were 
originally  characterized  by  values  of  1.015  and  1.055,  respectively. 

The  middle  fractions  from  the  large  scale  fractionation  were  combined, 
redissolved,  and  isolated  by  freeze-drying.  In  each  case  approximately 
107c,  of  the  highest  molecular  weight  and  107o  of  the  lowest  molecular  weight 
polymer  was  discarded.  Thus  the  distribution  values  listed  above  are 
maximum  values.  While  we  have  not  recalculated  any  distribution  values, 
these  two  samples  are  possibly  the  best  from  the  standpoint  of  distribution 
ever  prepared. 

Since  some  question  concerning  the  fractionation  described  above 
was  present,  it  was  decided  to  remove  the  majority  of  lithium-containing 
impurities  by  an  extraction  procedure.  It  is  generally  true  that  polymer 
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solubility  varies  inversely  with  molecular  weight  and  that  very  low 
molecular  weight  polymers  should  be  soluble  in  theta  solvents  at 
temperatures  significantly  below  Tg.  It  also  seemed  reasonable  to  expect 
that  occlusion  could  be  minimized  by  an  extraction  rather  than  precipita¬ 
tion  method.  Finally  it  was  necessary  to  work  in  a  solvent  with  Tg  for 
polystyrene  sufficiently  high  to  allow  the  desirable  higher  molecular 
weight  materials  to  be  insoluble  at  the  temperature  of  extraction  while 
simultaneously  having  this  temperature  above  Tg  so  that  diffusion  would 
be  rapid.  Normal  octyl  alcohol  (Tg  =  170°  for  polystyrene)16  seemed  well 
suited  for  these  purposes.  The  amount  of  extraction  (run  at  135-140°)  was 
dependent  on  temperature,  time,  and  to  an  extent  on  the  efficiency  of 
stirring,  but  with  the  proper  conditions,  2-5%  of  lower  molecular  weight 
species  could  be  extracted  along  with  some  60-707,  of  the  original  lithium. 
The  theoretical  quantity  of  lithium  was  calculated  on  the  assumption  that 
all  of  the  original  lithium  in  200  g  of  polymer  would  be  concentrated,  if 
extraction  were  complete,  in  the  extract.  Details  of  the  extraction 
procedure  are  given  in  the  experimental  section  while  the  data  is  summarized 
in  Table  I. 


An  examination  of  the  extracted  polymers  was  made  with  the 
ultracentrifuge. 17  Although  weight  average  molecular  weights  may  be 
obtained  from  measurements  of  this  type,  the  actual  computations  were  not 
performed.  Molecular  weight  distributions  are  also  obtainable  by  analysis 
of  the  progressive  spreading  of  sedimentation  peaks  taking  place  during 
sedimentation  velocity  experiments.18  This  was  not  done  since  it  was  felt 
that  the  fractionation  data  would  suffice.  Qualitatively,  however,  the 
sharp,  single-peaked  distribution  profiles  obtained  indicate  again  the 
narrowness  of  the  molecular  weight  distributions  of  these  samples.  Typical 
results  are  shown  in  Figures  14  and  15. 

In  Figure  14  is  shown  the  sedimentation  profiles  of  various 
monodisperse  polymers.  These  pictures  were  all  taken  after  the  peak  was 
sufficiently  broken  away  from  the  meniscus  and  developed.  Intervals  of 
eight  minutes  between  photographs  were  used.  In  samples  of  very  narrow 
molecular  weight  distribution  such  as  these,  the  sharp  profile  is  main¬ 
tained  throughout  the  sedimentation.  This  is  to  be  contrasted  with  a 
typical  polystyrene  sample  prepared  via  thermal  (free  radical)  polymerization. 
This  material  (Figure  15)  had  My  =  800,000.  It  not  only  shows  a  much 
broader  sedimentation  profile  but  also  diffuses  much  more  rapidly  and 
photographs  were  taken  at  two  minute  intervals,  rather  than  eight  minute 
ones . 


All  of  the  ultracentrifuge  measurements  were  made  in  cyclohexane 
at  35°,  a  temperature  very  near  Tg.  The  sedimentation  constant,  S°,  was 
determined  at  one  speed  using  equation  (19). 
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where 


ln(r  / r  ) 
P  o 


2 

w  t 


(19) 


=  radial  position  of  peak 
rQ  =  radial  position  of  meniscus 

i/o  220 

=  I/27W  rQp 

p°  =  solvent  density  at  meniscus 


7  =  pressure  coefficient  in  the  equation 
S(P)  =  S°[l  -  7P  +  0 (p2) ] 


Therefore,  a  plot 
the  ordinate  will 
measurement  of  S° 
independent19  and 


of  ln(rp/r0)/(w2t)  versus  (rp/r0)  —  1  extrapolated  to 

give  S°  (see  Figure  11).  As  a  very  good  approximation, 
in  a  theta  solvent  may  be  assumed  to  be  concentration 
so  measurements  were  made  at  one  concentration.20 


It  was  of  interest  to  compare  our  experimental  results  with 
theory.  According  to  hydrodynamic  studies,  S°  should  be  related  to  M1'2 
in  a  theta  solvent. 21 


S°  =  K'M1/2  (20) 

or,  in  a  general  form,  S°  =  K’wP.  A  log-log  plot  of  S°  versus  My  is  shown 
in  Figure  12,  Since  [t)]q  =  KM-*-/2,  it  is  readily  seen  that  [iq ] g  and  S° 
should  be  related  linearly.  The  log-log  plot  of  [tj ] g  vs,  S° 

S°  =  tf'h]®'  (21) 

where  a'  =  1 

is  shown  in  Figure  13. 


10 


III.  EXPERIMENTAL 


A.  Preparation  of  Polymers  in  the  Inert  Gas  Reactor 

A  general  description  of  the  inert  gas  reactor  and  procedure 
will  be  given.  In  certain  instances  high  vacuum  techniques  were  used, 
especially  at  the  onset  of  this  work,  but  excellent  detailed  procedures 
of  this  method  may  be  found  in  the  literature.1^5 

The  apparatus  consists  presently  of  a  3-1  5-necked  flask 
(24/40  ground  glass;  female  joints)  with  a  large  capillary  exit  tube 
extending  from  the  bottom  around  the  side  and  to  which  is  affixed  a  3-way 
stopcock.  Solutions  are  forced  out  of  the  flask  via  this  tube  by  a 
positive  gas  pressure.  The  reactor  is  equipped  by  means  of  the  necks  and 
appropriate  Y-tubes  with  a  vacuum  joint  or  mercury  seal  stirrer;  dropping 
funnels  for  monomer,  initiator,  and  terminator;  inlet  for  the  direct  introduc¬ 
tion  by  distillation  of  solvent;  condensers  culminating  in  gas  outlet  tubes 
attached  to  mercury  bubble  traps;  gas  inlets  and  thermometers.  All 
dropping  funnels  are  pressure  self-regulating  and  calibrated  volumetrically. 
The  one  used  for  initiator  (250  ml  capacity)  is  further  modified  to  include 
a  mercury  seal  stirrer;  gas  inlet  and  outlet;  syringe  cap  opening  for 
introduction  of  reagents  and  removal  of  samples  for  analysis;  and  a 
condenser  through  which  pure  solvent  can  be  introduced  directly  by  dis¬ 
tillation.  All  gas  outlets  contain  stopcocks  which  can  be  closed  in 
operations,  during  which  solutions  are  forced  out  of  the  reactor  by 
positive  pressure. 

The  initiator  is  prepared  by  first  distilling  into  the  dropping 
funnel  described  above  the  required  amount  of  purified  benzene.  The  benzoie 
purification  is  accomplished  by  distilling  it  from  a  solution  of  butyl- 
and  styryllithium  anions  formed  by  the  reaction  of  butyllithium22  with 
styrene  in  the  mole  ratio  of  ca.  1:6.  Next  a  solution  of  butyllithium  in 
hexane  is  introduced  via  the  syringe  (concentration  between  0. 1-0.5  normal). 
This  is  followed  by  a  similar  introduction  of  distilled  styrene.  The 
solution  is  then  heated  with  a  heat  gun  blower  at  ~60°  for  12  hours  to 
convert  all  of  the  styrene  to  styryllithium.  The  preceding  steps  all  take 
place  under  nitrogen  or  argon,  or  both,  purified  by  passing  through  a 
benzene  solution  of  butyl-styryllithium.  After  this  heating  period,  a 
sample  of  the  initiator  is  removed  and  analyzed23  by  the  double  titration 
procedure.  Typically  these  solutions  thus  prepared  have  been  about 
5  X  10  2  N  in  active  anion. 

The  reactor  proper  after  normal  cleaning  and  drying  is  charged 
with  a  solution  of  butyl-styryllithium  in  reagent  benzene  (about  0.1  N) 
and  this  is  thoroughly  stirred  under  reflux  under  nitrogen  or  argon  for  a 
period  of  1  hour.  The  narrow  molecular  weight  distributions  of  the  polymers 
prepared  in  the  reactor  are  sufficient  indication  that  this  procedure 
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cleans  the  system  very  thoroughly.  Upon  cooling,  the  gas  exit  stopcocks 
are  closed  and  the  anion  solution  is  forced  out  of  the  reactor  via  the 
capillary.  Pure  benzene  is  distilled  in  to  rinse  the  system  and  this  too 
is  then  removed.  The  required  amount  of  pure  benzene  is  then  distilled  in 
with  cooling.  Typically  200  g  batches  of  polymer  are  prepared  so  that 
2,000  ml  of  benzene  are  used  in  order  to  form  a  10%  solution.  The  benzene 
is  cooled  to  ~5%  and  then  titrated  with  as  much  initiator  as  needed  to 
form  a  persistent  light  yellow  color.  This  normally  involves  between  1 
and  3  ml  (5-15  X  10"5  mole).  The  styrene  is  freshly  distilled  directly 
into  a  dropping  funnel  under  nitrogen.  It  is  then  degassed  and  stored,  if 
necessary,  at  dry  ice  temperatures.  The  required  amount  is  added  to  the 
cold  benzene  and  this  is  then  titrated  at  5°  or  slightly  less  until  a 
yellow  color  persists.24  With  well  distilled  and  degassed  styrene’,  5-8  ml 
of  5  X  10"2  N  solution  has  been  necessary  for  200  g  batches,  i.e., 

25-40  X  10“5  mole.  Typically,  with  batches  of  this  size  (200  g)  on  the 
order  of  10-20%  of  the  total  initiator  solution  added  (depending  on  the 
desired  molecular  weight)  is  used  to  purge  impurities. 

Having  titrating  the  impurities,  the  calculated  amount  (equation 
(10))  of  initiator  is  added  (15-100+  ml  of  5  X  10"2  N  solution  depending 
on  the  polymer  molecular  weight)  and  the  ice  bath  is  replaced  by  a  hot  water 
bath  at  50°.  The  red-orange  color  gradually  becomes  more  intense  as  all 
of  the  butyllithium  not  previously  converted  to  styryllithium  reacts  (this 
occurs  over  a  period  of  45-60  minutes).  It  is  also  noted  that  after  about 
20  minutes  the  reaction  temperature  reaches  a  maximum  of  about  60°  and  then 
gradually  falls  back  to  the  bat.h  temperature  after  about  an  hour.  A  total 
of  two  hours  reaction  time  is  allowed,  after  which  termination  is  brought 
about  by  addition  of  pure  methanol  or,  in  some  cases  as  discussed  above, 
tritium  labeled  water.  The  polymer  solution  is  then  forced  out  of  the 
reactor  and  precipitated  by  slow  addition  to  a  large  excess  of  cold  methanol. 
The  precipitated  polymer  is  collected  and  washed  with  distilled  and 
deionized  water  to  remove  lithium  salts  and  then  dried  by  sucking  on  a 
filter  and  ultimately  in  a  vacuum  oven.  Yields  are  essentially  quantitative. 

B.  Polymer  Fractionation 

The  polymers  prepared  as  described  above  were  fractionated  from 
MEK  (0.27o  solution)  by  incremental  addition  of  methanol.  The  fractionations 
were  carried  out  in  pear-shaped  flasks  of  appropriate  sizes  and  all  work 
was  performed  in  thermos tated  baths  held  at  30  +  0.05°.  The  various 
fractions  which  precipitated  were  removed  via  pipettes,  dissolved  in 
benzene,  filtered,  freezedried,  weighed,  and  submitted  to  molecular  weight 
determinations  via  the  viscometric  procedures  discussed  previously. 

Large  scale  fractionations  were  performed  in  a  similar  fashion 
except  that  the  vessel  had  a  20  gallon  capacity  and  the  polymer 
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concentration  was  increased  to  0.5%. 


C.  Normal  Octanol  Extraction  of  Polystyrene 

A  round-bottom  flask  equipped  with  an  efficient  mechanical 
stirrer,  nitrogen  inlet  (of  sufficient  length  to  reach  beneath  the  surf ace 
of  the  liquid),  thermometer,  and  condenser  was  filled  with  55-70  g  of 
polymer  and  sufficient  reagent  grade  n-octyl  alcohol  so  that  there  was 
~5  g  polymer/100  cc  alcohol.  This  mixture  was  heated  and  stirred  at 
135-140°C  for  ~5  hours  while  vigorously  bubbling  nitrogen  through  the 
solution.  At  the  end  of  this  period  the  stirrer  was  stopped  and  the 
polymer  allowed  to  settle  (nitrogen  flow  maintained  until  the  polymer 
reached  room  temperature).  The  supernatant  liquid  was  siphoned  off. 

The  polymer  remaining  was  dissolved  in  benzene,  precipitated  in  methanol, 
redisolved  in  benzene  and  freezedried  in  the  usual  way.  The  octyl  alcohol 
which  had  been  removed  was  distilled  in  vacuo  until  the  remaining  volume 
was  -200  ml.  This  residue  was  then  allowed  to  cool  to  room  temperature. 
Methanol  (ca.  5  volumes)  was  added  and  the  precipitate  was  filtered,  dried, 
weighed,  and  analyzed.  For  low  molecular  weights  (under  100,000)  the 
procedure  was  the  same  except  that  lower  temperatures  (125-130°)  were 
used.  The  results  obtained  are  shown  in  Table  I. 
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V.  APPENDIX 


OF  TABLES  AND  ILLUSTRATIONS 
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TABLE  I 


EXTRACTION  OF  POLYSTYRENE  WITH  OCTYL  ALCOHOL 


Polymer 

Sample 

fi1 

V 

Extract 

V 

% 

extracted 

PPM  Li 
in  sample 

PPM  Li 
in  extract 

Theory 

Z  Li 

extracted 

L-2 

196,000 

145  ,000 

2.61 

15 

390 

580 

68 

L-5 

118 ,000 

42 ,000 

5.11 

25 

350 

490 

71 

L-10 

629,000 

180,000 

4.68 

— 

200 

L-14 

352,000 

187,000 

.  5.01 

-- 

200 

L-15 

44 ,000 

15,000 

4.29 

20 

280 

460 

61 
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TABLE  II 


L-II  -  POLYSTYRENE 

4.0091  g/2000  ml  FRACTIONATION  DATA 

MEK  -  30 °C 

[t|]  =  0.7822 

M  =  190,000 

v  * 


Viscosity  solvent 
Benzene,  25.0°C 


Fraction 

cc  MeOH 

..  g 

Wt. 

Total 

[T|] 

M 

100  cc  MEK 

fraction 

% 

% 

V 

1  (400  ml 

20.30 

0.3120 

7.78 

7.78 

0.860 

216,000 

CP  +  6) 

2 

20.45 

0.4234 

10.56 

18.34 

0.817 

201,000 

3 

20.70 

0.3463 

8.64 

26.98 

0.811 

199,000 

4 

20.92 

0.4867 

12.14 

39.12 

0.794 

194,000 

5 

21.17 

0.5866 

14.63 

53.75 

0.786 

191,000 

6 

21.52 

0.1800 

4.49 

58.24 

0.788 

192,000 

7 

22.02 

0.4058 

10.12 

68.36 

0.781 

190,000 

8 

22.37 

0.2463 

6.14 

74.50 

0.775 

187,000 

9 

22.77 

0.2302 

5.74 

80.24 

0.776 

187,000 

10 

23.17 

0.1754 

4.38 

84.62 

0.766 

185,000 

11 

23.58 

0.1935 

4.83 

89.53 

0.766 

185,000 

12 

24.18 

0.1088 

2.71 

92.16 

0.765 

184,000 

13 

25.30 

0.1303 

3.25 

95.41 

0.749 

179,000 

14 

evapd . 

0.1815 

4.53 

99.94 

0.534 

113,000 
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TABLE  III 


4.0027  g/2000  ml  MEK 

h]e  =  0.2902 

M  .  =  117,900 

v,0 


L-V  -  POLYSTYRENE 
FRACTIONATION  DATA 


Viscosity  solvent 
Cyclohexane,  34.5°C 


Fraction 

cc  MeOH 

g 

Wt.  % 

Total 

We 

M 

100  cc  MEK 

fraction 

fraction  % 

V 

1  (415  ml 

21.15 

0.0457 

1.142 

1.142 

0.537 

405,000 

CP) 

** 

[r] 

benzene  » 

2 

23.05 

0.0769 

1.921 

3.063 

0.365 

186 , 000 

0.5330 

3 

23.40 

0.1335 

3.335 

6.398 

0.322 

145,000 

M~ 

4 

24,00 

0.8010 

20.011 

26.409 

0.303 

128,000 

vbenzene  = 

113,000 

5 

24.80 

0.9800 

24.483 

50.892 

0.298 

124 ,000 

6 

25.80 

0.7448 

18.607 

69.499 

0.294 

121,000 

M 

w 

=  1.055 

7 

26.35 

0.2069 

5.169 

74.668 

0.292 

119,000 

M 

n 

8 

27.00 

0.2508 

6.266 

80.934 

0.291 

119,000 

9 

27.85 

0.2173 

5.429 

86.363 

0.292 

119 ,000 

10 

29.00 

0.1740 

4.347 

90.710 

0.282 

111,000 

11 

30.65 

0.1424 

3.558 

94.268 

0.265 

98,000 

12 

evapd . 

0.2281 

5.699 

99.97 

0.207 

60,000 

M  =  1.2346  x  105 

w 

m"  =  1.1701  x  lo5 


Equations:  [t]]0 


** 


Seven  day  interval  between 


fractions . 


lnt\elJ 

C 


[r] 


k  x  g 


1/2 


2 

) 


k  = 


8.45  x  10 


-4 


g  =  1 


19 


TABLE  IV 


L-X  -  POLYSTYRENE 

4.0100  g/2000  ml  MEK  FRACTIONATION  DATA  Viscosity  solvent 

Cyclohexane,  34.5°C 

h]e  =  0-6722 

M  =  627,100 

v 


Fraction 

cc  MeOH 

S 

Wt. 

Total 

M 

100  cc  MEK 

fraction 

% 

% 

V 

1  (320  ml 

16.15 

0.3158 

7.875 

7.875 

0.74 

757,000 

M 

W  _  I  AO 

CP) 

—  X 

2 

16.40 

0.4212 

10.504 

18.379 

0.71 

699,000 

M 

n 

3 

16.65 

0.6753 

16.840 

35.219 

0.70 

683,000 

4 

16.85 

0.5161 

12.870 

48.089 

0.69 

674,  00 

M~  =  6.29  > 
w 

5 

17.08 

0 .4006 

9.990 

58.079 

0.69 

660,000 

M~  =  5.73 
n 

6 

17.30 

0.2509 

6.257 

64.336 

0.68 

655,000 

7 

17.55 

0.2969 

7.404 

71.740 

0.67 

633-jOOO 

8 

18.05 

0.3296 

8.219 

79.959 

0.67 

620,000 

9 

18.45 

0.2246 

5.601 

85.560 

0.66 

617,000 

10 

19.15 

0.1757 

4.382 

89.942 

0.63 

563,000 

11 

20.40 

0.1466 

3.656 

93.598 

0.58 

470,000 

12 

evapd . 

0.2557 

6.377 

99.975 

0.38 

205,000 

Equations:  [q] 


InUreil 


e 


m  =  ( 

17  ' 


k  g 


TJl 


k  = 


8.45  x  10 
1 


10 
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L-XIV  -  POLYSTYRENE  FRACTIONATION  DATA 
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L-X7  -  POLYSTYRENE  FRACTIONATION  DATA 
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Figure  1.  Integral  Molecular  Weight 

Distribution  Curve  for  Sample  L-II 
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Figure  2,  Differential  Molecular  Weight  Distribution  Curve  for  Sample  L-II 
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Figure  10.  Differential  Molecular  Weight  Distribution  Curve  for  Sample  L-XV 
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Figure  11.  Ultracentrifuge  Sedimentation  Constants 
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Figure  14.  Ultracentrifuge  Sedimentation  Profiles  for  Monodisperse  Polymers 
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